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ABSTRACT. Recently several theoretical predictions were made about 2D planar FeC, CoC, 
NiC, and CuC while their bulk phases still remain unknown.  Here, we present generalization of 
2D family of 3d transition metal monocarbides (TMC) by searching their stable configurations 
with DFT methods and evolutionary algorithm. It is found that in the TMC row (TM = Sc-Cu) a 
tendency of 3D rocksalt phase formation is monotonously interchanging by 2D phase 
appearance, namely planar orthorhombic TMC characterized by carbon dimers inside metal 
hexagons. Among them, orthorhombic CoC and FeC monocarbides would be likely formed 
rather than any other 2D metal carbide phase or metal/graphene interface. 
INTRODUCTION. A wide range of bulk structures is highly desired to be synthesized 
as an ultrathin film or even atomically thin monolayer that may bring to light novel properties as 
was previously made for the 2D silicon (silicene), boron (borophene) and other two-dimensional 
phases. 1 Indeed, recent high-throughput investigations devoted to the discovery and prediction 
of the prospective 2D materials 2,3 unambiguously indicate how scarce is our knowledge and 
how many compounds are located at the frontier of current researches. Among them, pure metal 
films and their compounds stimulate their research due to promising electronic and magnetic 
properties that are applicable for nanoelectronics, spintronics and catalytic purposes. 4–9 
Intercalation of a lithium into bilayered graphene uncovered ultrathin and superdense 2D Li 
phase. 10 Monoatomic Au 11 and Mo-based 12,13 films  were fabricated under electronic beam. As 
for 3d transition metal (TM) based films, in one of the pioneering works, the formation of 2D 
square Fe cluster inside graphene pore was reported. 14 This result opened up a discussion about 
possible formation of iron-based 2D materials such as planar FeC 15 and FeO. 16 A similar 
square-like net was also discovered for 2D CuO suspended on a graphene substrate both 
experimentally and from DFT  calculations, 17 while pure Cu cluster was found to form a 
hexagonal lattice. In Ref. 18, a tetragonal corrugated lattice of iron monocarbide (t-FeC) was 
predicted, similar to the previously known 2D phases of TiC 19 and YN, 20 as well as potentially 
stable planar orthorhombic phase (o-FeC) was proposed. Noteworthy, this o-FeC lattice is 
characterized by 5- and 7-coordinated carbon and iron atoms, respectively, that can be 
represented as a net of carbon dimers inside metal hexagons. The same orthorhombic phase was 
also predicted for CoC, 21 NiC and CuC. 22 
Such extension of 2D phases of 3d transition metal monocarbides (TMC) is particularly 
noticeable since no comprehensive data is available for their bulk phases. Experimental studies 
of the first half of 3d metal series  are scarce, but there are reports about the  formation of 
NaCl-type (ScC, 23 TiC, 24 VC, 24 CrC 25,26) or ZnS-type (MnC 27) bulk crystals. Numerous 
theoretical papers propose the formation of the rocksalt phase for the rest four TMC as well (TM 
= Fe, Co, Ni, Cu 28,29), while due to another study only FeC may exist under a pressure of about 
54 GPa. 30  However, since the synthesis of these four monocarbides have not yet been fairly 
reported so far, a question about their possible formation in bulk phase and energy favorable 
structure is still open as discussed below in detail. 
Lack of experimental reports on bulk 3d TMC formation together with recent theoretical 
predictions of promising 2D TMC phases raises a suggestion that some metal monocarbides 
might form specific planar structures rather than 3D crystals. In particular, for the reported 2D 
orthorhombic phases of FeC, CoC, NiC, and CuC, 18,21,22 further comprehensive studies of their 
stability is necessary, including an analysis of binary compositional phase TM-C diagrams. 
Here, we present a systematic investigation on the stability of two-dimensional 3d 
transition metal monocarbides amid experimentally known bulk phases and recent theoretical 
predictions. In the first part of the paper, different 2D TMC phases are compared. In particular, it 
was shown that t-TMC phase (TM = Sc, Ti, V, Cr, Mn, Fe) is metastable and may exist only as 
isolated monolayer, while o-FeC, o-CoC, o-NiC, and o-CuC are energy favorable in comparison 
with the earlier theoretical propositions of rocksalt phase. A further study demonstrates that such 
orthorhombic monolayers can be stacked into an energetically favorable bulk crystal. An 
analysis of the binary compositional phase diagrams shows that only t-FeC, o-FeC, o-CoC 
monocarbides as well as Co2C and Ni2C monolayers might be thermodynamically stable, while 
copper carbides are intrinsically unstable against decomposition. 
METHODS. All calculations were performed within the generalized gradient 
approximation in the Perdew–Burke–Ernzerhof parameterization. We used the projector 
augmented wave method 31 approximation with periodic boundary conditions implemented in 
Vienna Ab-initio Simulation Package. 32–35 Plane-wave energy cut-off was set to 400 eV. To 
calculate the equilibrium atomic structure, the Brillouin zone was sampled according to the 
Monkhorst–Pack scheme 36 with a 10×10×10 and 12×12×1 grid in the k-space for bulk and films 
(monolayers) calculations, respectively. A structural relaxation was performed until forces acting 
on each atom became less than 10-4 eV/Å. DFT-d3 correction method 37 was taken into account 
when describing interlayer interactions. To avoid spurious interaction between the neighboring 
images while calculating monolayers and slabs, a translation vector along non-periodic direction 
was set to be greater than 15 Å. Searching of stable compounds was performed with evolutionary 
algorithm as implemented in USPEX code. 38,39 In order to distinguish fully planar and possibly 
corrugated 2D structures, thickness constraints of 0.8 Å and 1.5 Å were used, respectively. 
RESULTS AND DISCUSSIONS. 
To get a broader view on the 2D metal carbide formation, we have investigated two-
dimensional monocarbides of nine 3d transition metals (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu). Four 
different lattice structures were taken into account. Planar orthorhombic (o-TMC: e.g. o-FeC, 18 
o-CoC, 21 and o-CuC 22) and corrugated tetragonal lattices (t-TMC: e.g. t-FeC 18) are known by 
now from ab initio predictions. In addition, for a wider comparison, we have chosen hexagonal 
graphene-like (g-TMC: e.g. g-ZnO 40) and planar square (s-TMC: 2D CuO-like 17) lattices. Each 
of the four lattices were considered in several magnetic configurations: non-magnetic (NM), 
ferromagnetic (FM) and few antiferromagnetic ones (AFM1, AFM2, etc. depending on the unit 
cell symmetry, see Figure S1). To avoid any artifact of the unit cell size on the results, all 
structures were taken as TM4C4.  
The calculated complete data set is represented in Table S1, where empty cells mean that 
the ground state of the corresponding structure has not been found during DFT optimization or 
one of the AFM configurations is identical to another one. From Table S1 one can conclude that 
no evidence for the formation of hexagonal g-TMC or square s-TMC structures was found. 
Therefore, these two lattices were excluded from further discussion.  
 
To estimate the probability of 2D TMC formation, we have calculated the energy of the 
corresponding rocksalt cubic structure as reported experimentally and theoretically (see 
introduction), and then compared it with the lowest energy  we obtained for the 2D structures 
(i.e. either t-TMC or o-TMC). The energy difference between two-dimensional phase and bulk 
structure for the 3d TMC row is shown in Figure 1. 
One can see that t-TMC structures (blue region) are less favorable than the cubic (rs) 
phase, but when it is interchanged by o-TMC, the energy difference becomes negative, which 
means that 2D TMC phase is more energy favorable than corresponding rocksalt structure. In 
addition, it should be noted that the energy difference for FeC is close to zero. This correlates 
well with the fact that t-FeC and o-FeC have similar energies, 18 and both structures are 
considered further. For details, two energy differences (i.e. [(t-TMC) - (rs-TMC)] and [(o-TMC) 
- (rs-TMC)]) are shown separately in Figure S2. 
 
Figure 1. Calculated energy difference between the energetically most favorable 2D TMC 
phase (either t-TMC or o-TMC, indicated by blue and green ellipses, respectively) and rs bulk 
phase. The structures of bulk rs-TMC, 2D t-TMC and o-TMC phases are shown above, where 
olive and grey spheres correspond to transition metal and carbon atoms, respectively. 
The origin of the decrease of rocksalt phase stability is thoroughly discussed in the 
literature. 30,41,42 Generally, rocksalt phase of the transition metal carbides is denoted as 
interstitials of carbon atoms into TM-sublattices. Two main parameters influence the stability of 
such compounds: the metal–carbon bond strength which is reducing from the left to the right in 
3d transition metal row, and the ratio of the metal and carbon atom radii. For the latter, according 
to the Hägg's rule, if the metal-carbon radius ratio is from 0.41 to about 0.59 such interstitial 
close-packed phase might be formed by contrast with the ratio exceeding 0.59 where more 
complex structures typically appear. Therefore, among 3d transition metals, Sc, Ti, and V 
suppose the formation of interstitial rocksalt monocarbides while starting from Cr more complex 
compounds such as Cr23C6 
43 and Fe3C 
7 are generally observed in the experiment. In addition, a 
recent theoretical study suggested the instability of rs-CoC, rs-NiC, rs-CuC both at zero 
temperature and any reasonable external conditions, and only possible formation of rs-FeC under 
pressure of 54 GPa. 30 
Abovementioned facts correlate with our further insight into found energetic superiority 
of rs-TMC (TM = Sc, Ti, V, Cr, Mn, and Fe) over the predicted tetragonal phase as shown in 
Figure 1 (blue region). Calculated transition pathways (see Figure 2a) from isolated t-TMC to the 
bulk phase, while monotonously reducing interlayer distance, have shown an absence of an 
energy barrier. Here, the direct transformation of t-TMC to either rocksalt phase (ScC, TiC) or 
h-TMC state (VC, CrC, MnC, FeC) was demonstrated. The latter, h-TMC, (see Figure S3) is 
similar to an hexagonal intermediate structure of AlN or GaN 44. In particular, this phase was 
found to be metastable in the case of VC and further transformed to the energetically favorable 
rocksalt phase through a small energy barrier ~ 0.1 eV/VC, see Figure S4. By contrast, for CrC, 
MnC, and FeC, hexagonal phase has a lower energy than the corresponding rocksalt structure, 
however, the evidences of its thermal and kinetic stability are experimentally unknown to the 
best of our knowledge. Thus, in a full accordance with the mentioned Hägg's rule, some complex 
bulk structures of chromium, manganese and iron carbides are likely to be observed rather than 
metal monocarbides. 
Finally, one can conclude that the studied t-TMC phase (TM = Sc, Ti, V, Cr, Mn, Fe) is 
stable only as isolated structure and, therefore, its formation might be possible under very 
specific conditions that intentionally confine its thickness. Moreover, even the bulk ground-state 
structure of mentioned monocarbides seems to be not entirely understood. Thus, further 
investigation of 3d bulk TMC formation under different conditions is of fundamental interest and 
might become the subject of future studies. 
By contrast to two-dimensional t-TMC phase, the orthorhombic structures (o-CoC, 
o-NiC, o-CuC) as well as probably the border line case o-FeC are energetically more favorable 
than corresponding rocksalt bulk phase, see Figure 1 (green region). Some factors of the 
promising o-TMC stability have been recently discussed through the electronic structure and 
bonds pattern analysis. 22 
For these four 3d monocarbides we  have designed a bulk unit cell consisting of 
AA-stacked weakly bounded o-TMC monolayers and calculated its energy as a function of the 
interlayer distance, see Figure 2b. For the calculated equilibrium interlayer distance of each 
structure the proposed AA-stacked bulk TMC has lower energy per TMC unit than the rocksalt 
structure, see Figure S5. In addition, we have compared 2D monolayers with their bulk structures 
and ultrathin films based on them. The binding energy, Ebind, was calculated as following: 
Ebind = 
1
Nlayer
(Efilm –  Nlayer∙E2D), (1) 
where Nlayer is the number of 2D monolayers in a film; Efilm and E2D are the energies of the 
corresponding N-layered film and one pristine 2D monolayer. 
The calculated binding energy dependence as function of 1/Nlayer for the four TMC is 
presented in Figure 2c. 
 
Figure 2. a) Transition pathways from isolated t-TMC to either h-TMC or rs-TMC bulk 
phase. Solid and dotted lines indicate absence or presence of some energy barrier, respectively. 
Side view on atomic configuration of t-TMC, h-TMC, and rs-TMC is shown above. b) Energy-
distance dependences of AA-bulk of o-TMC monolayers. c) Dependence of interlayer binding 
energy in o-TMC film on 1/Nlayer. The structure model used in (b,c) is shown in the inset of 
figure (c). 
One can see that opposite to the rocksalt bulk structure (see Figure 1 and Figure 2a), the 
orthorhombic bulk phase is energetically more favorable than isolated 2D monolayers. However, 
the difference is not large and is in the order of van der Waals binding energies (< 0.4 eV/TMC). 
Moreover, the binding energy between the layers of hypothetical ultrathin films consisting of 
only few orthorhombic layers is much smaller and reaches values of 70-150 meV/TMC. 
Therefore, if an orthorhombic bulk structure is synthesized, it might be cleaved into 2D layers. 
Finally, one can conclude that the calculated energy difference between 2D o-TMC and 
3D rocksalt phases (Figure 1) is likely irrelevant, because despite some theoretical predictions, 
the  rs-phase have never been experimentally observed for these four monocarbides as discussed 
previously. Therefore, one can expect FeC, CoC, NiC, and CuC to either exist in some 
experimentally unknown bulk phase (i.e. other than rocksalt structure) or tend to form metal 
carbide ultrathin films and monolayers, e.g. o-TMC. 
For further investigation of the layered structures stability, we studied variable 
compositions of 2D TMXCY compounds (TM = Fe, Co, Ni, Cu) via evolutionary algorithm as 
implemented in USPEX code. A main principle of this method is the consideration of all the 
possible decomposition lines and further drawing of its convex hull that indicates potentially 
stable structures. The formation energy of any TMXCY compound (Eform) can be calculated as: 
Eform = 
1
NTM + NC
[ETMC –  (NTM∙ETM + NC∙EC)], (2) 
where ETMC, ETM, and EC are energies of transition metal carbide per unit cell, pure metal and 
pure carbon structures per atom, respectively; NTM, NC are the number of transition metal and 
carbon atoms inside TMC unit cell, respectively. 
However, a question about correctness of comparison of the structures with different 
dimensionality (e.g. 3D rocksalt phase and 2D monolayer) should be solved preliminarily. 
Indeed, since Eq. (2) includes energy of TMC monolayer together with energies of pristine metal 
and carbon films, all of them have to be calculated in the same “dimensional conditions”. 
For instance, multilayered stable two-dimensional structures allow a formation of new 2D 
films between layers by vertical confinement of atoms. Such “nanoreactor” was previously 
successfully used for the synthesis of two-dimensional ice between graphene/MoS2 layers 
45 as 
well as for the synthesis of two-dimensional lithium 10 and copper 46. In a similar way, one may 
suggest 2D TMC to be thermodynamically stable with respect to disproportionation to the 2D 
adjacent phases: 2D carbon (graphene) and corresponding 2D metal. 
Nevertheless, some variation of the 2D layer thickness is possible and should be taken 
into account. For instance, if we need to investigate a variable-composition convex hull of only 
planar monolayers such as o-TMC, we should also use energy of the most favorable planar 
carbon (that will be obviously graphene) and metal monolayers. However, if we wish to use less 
strict constrains and, therefore, take into account possible corrugation of a TMC film (e.g. 
t-TMC), we should increase the thickness limit of pristine carbon and metal film as well, while 
searching for the most favorable structures to be used in Eq. (2). Thus, usage of two different 
thickness thresholds (see Methods section) let us to consider only planar and possibly corrugated 
lattices. 
Having based on the abovementioned, we have filtered all the found 2D TMXCY (TM = 
Fe, Co, Ni, Cu) and considered their formation energies. Figure 3a,b represent results of 
variable-composition calculations of TMXCY for planar and corrugates states, respectively, where 
dashed lines indicate convex hull of prospectively stable compounds. Any appearance of o-TMC 
(TM:C = 1:1), t-TMC (TM:C = 1:1) or planar tetracoordinated TMC (ptC-TMC, TM:C = 2:1, 
discussed below) is indicated by stars, squares and diamonds, respectively, and their atomic 
configurations are shown in Figure 3c. 
 
Figure 3. a,b) Variable-composition convex hulls of TMXCY (eV/atom) for only planar 
and possibly corrugated structures, respectively and c) atomic configurations of prospectively 
stable compounds: o-TMC (TM:C = 1:1), t-TMC (TM:C = 1:1), and ptC-TMC (TM:C = 2:1). 
d) Formation energy of o-TMC from (a,b). Atomic configurations of planar and corrugated metal 
films are shown in (d) by green and blue atoms, respectively. Everywhere, o-TMC, t-TMC, and 
ptC-TMC are indicated by stars, squares and diamonds, respectively. 
First of all, from Figure 3a one can see that o-TMC is the most energetically favorable 
planar monolayer among other generated monocarbides, i.e. with TM:C = 1:1. Moreover, o-FeC 
and o-CoC are located at the convex hull (marked by dashed line which is lower than any 
possible decomposition line by its definition). This means that once vertical confinement is 
applied to FeC and CoC, they are expected to form planar monolayers rather than a 
metal/graphene interface. In contrast, the o-phase of NiC and CuC are metastable (see Figure 3a) 
and likely decompose to pure metal and carbon films (e.g. Cu/C interface). Nevertheless, in the 
case of NiXCY another 2D phase with TM:C = 2:1 can appear (marked by diamond). This phase 
corresponds to so-called “planar tetracoordinated carbon” carbide (ptC-TMC) as proposed by 
Hoffmann et al. 47 and further studied in Ref. 48 by computational methods for Co2C and Ni2C. In 
the case of CuXCY, no 2D phases are expected. 
Afterwards, we have considered possible corrugation of 2D structures (Figure 3b). For 
FeXCY, the t-FeC phase appears to be stable in contrast to the metastable o-FeC. For CoXCY, the 
stability of o-CoC is preserved at the convex hull, but now is closer to the zero decomposition 
line. The reason of such modifications is change of the energetically most favorable Fe and Co 
metal film from a planar monolayered in Figure 3a (see structure sketch in the lower right part of 
Figure 3d) to a corrugated structure in Figure 3b (see structure sketch in the upper left part of 
Figure 3d). Indeed, while in the Eq. (2) EC refers to the energy of graphene (despite thickness 
limits), the change of ETM from the planar monolayered to the corrugated case will obviously 
change formation energies of every intermediate TMXCY (TM = Fe, Co) compound. In contrast, 
the formation energies of NiXCY and CuXCY are almost identical (see Figure 3a and Figure 3b). 
Indeed, the energetically favorable Ni monolayered film was found to be only slightly corrugated 
which energy is just a bit lower than for the perfect planar case. As for Cu, no corrugated copper 
monolayer was found and, therefore, in Figure 3a and Figure 3b the same CuXCY points are 
presented. 
Formation energies of o-TMC (indicated  by stars in Figure 3a,b) are additionally shown 
in  Figure 3d for better comparison. From there, one can see that o-FeC is expected to be stable 
only in comparison to the planar metal film and graphene (green color). Less strict vertical 
constraints (blue color) lead to the appearance of the t-FeC phase at the convex hull, which has 
already been considered as a metastable phase (see Figure 2a), unless being isolated as a free-
standing monolayer. For o-CoC, the formation energy is negative, comparing with both planar 
and corrugated metal monolayer. In other words, o-CoC is supposed to be the most favorable 2D 
phase among any other 2D CoXCY structures. This corresponds well with the observation of 
Nevalaita et al., 49 where pure metallic patches inside graphene pore and metal carbides were 
theoretically studied. Finally, in the case of NiC and CuC, their formation energies are positive 
and, therefore, these monocarbides are not expected to be formed as a monolayered film. 
CONCLUSIONS  
In summary, a systematic theoretical study on the formation of 3d transition metal 
monocarbides (TMC) from ScC to CuC was performed. By comparison of the energies of the 
conventional rocksalt bulk phase with possible 2D TMC phases, we have clearly shown that the 
energetically favorable 3D rocksalt phase is monotonously interchanged by recently reported 
planar orthorhombic phase characterized by carbon dimers inside metal hexagons. The lack of 
experimental data about  synthesis of FeC, CoC, NiC, and CuC, in rocksalt phase correlates with 
our findings, that these monocarbides tend to exist either in another bulk state (e.g. we have 
proposed energy favorable AA stack of 2D orthorhombic layers) or appear as 
thermodynamically stable monolayers. 
It was also predicted that 2D ground-state of the first part of 3d TMC (ScC, TiC, VC, 
CrC, MnC) is a corrugated tetragonal lattice, t-TMC. Nevertheless, such corrugated monolayers 
are intrinsically unstable as follows from calculated transition pathways from isolated monolayer 
to bulk phase, where the absence of an energy barrier is shown. Moreover, we have found that 
CrC, MnC, and FeC may be transformed to metastable hexagonal bulk phase.  
Finally, by applying an evolutionary algorithm we have studied the formation possibility 
of a wide range of 2D TMXCY (TM = Fe, Co, Ni, Cu) compounds under the assumption of 
vertical confinement. It was shown that only t-FeC, o-FeC, o-CoC, ptC-Co2C, and ptC-Ni2C are 
expected to be thermodynamically stable against other two-dimensional carbides and 
disproportionation into 2D carbon (graphene) and the corresponding 2D metal. 
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